phenotype in these strains.
Staphylococcus aureus can cause a variety of localized and more invasive infections, especially when the skin or a mucosal barrier is breached (26) . Such infections can be particularly problematic when the organism is multiply drug resistant, as in the case of methicillin-resistant S. aureus (MRSA). The poor treatment outcomes often associated with serious MRSA infections demonstrates the need for alternative effective treatment options. Daptomycin (DAP) is a lipopeptide antibiotic that was approved for the treatment of gram-positive bacterial infections in 2003 (12, 14, 17) . The agent has received much interest because of its activity against multidrug-resistant, gram-positive bacteria such as MRSA, vancomycin-resistant enterococci, and glycopeptide-intermediate and -resistant S. aureus (14, 43) . While the mode of action of DAP is not entirely clear (30) , it is known that calcium-dependent binding to the bacterial CM and the disruption of CM function (39) are critically involved. Although the native DAP molecule is anionic, its active, calcium-decorated form renders it a de facto cationic antimicrobial peptide (CAP) (14, 43) . Despite the general acceptance of the role of CM targeting in the lethal mechanisms of DAP, the relative contributions of the CM, the cell wall (CW), and other targets beyond these sites (e.g., intracellular targets) have not been clearly established (44) . The objective of our study was to further elucidate changes in cell surface phenotypes relevant to Dap r , including CM fluidity, fatty acid content, phospholipid (PL) composition and asymmetry, and surface charge, in a well-known MRSA strain (MW2) after the in vitro selection of DAP resistance by serial passage in sublethal DAP concentrations.
(This work was presented in part at the 48th Annual Interscience Conference on Antimicrobial Agents and Chemotherapy/Infectious Diseases Society of America 46th Annual Meeting, Washington, DC, 25 to 28 October 2008 [abstr. C1-177], a joint meeting of the American Society for Microbiology and the Infectious Diseases Society of America.)
MATERIALS AND METHODS
Bacterial strains. All strains used in this study are listed in Table 1 . The parental strain, MW2, is of the USA400 pulsotype. The details of the 20-day serial passage selection process have been previously reported (9) . The selective pressure of growth in sublethal concentrations of DAP resulted in the progressive accumulation of single-nucleotide polymorphisms (SNPs) over time that correlated with incremental decreases in DAP susceptibility. The majority of the SNPs resulted in amino acid substitutions (9) . The loci affected include mprF, encoding lysyl-phosphatidylglycerol (LPG) synthase and translocase (9, 33); yycG, encoding a histidine kinase of an operon involved in both CW and CM metabolism (9, 27) ; and rpoB, the ␤ subunit of RNA polymerase (9) . The MICs of DAP, oxacillin, and vancomycin were determined by using standard procedures for the Etest (AB Biodisc, Dalvagen, Sweden) on Mueller-Hinton agar (MHA) plates (Difco Laboratories, Detroit, MI). For the DAP Etest, plates were supplemented with calcium (50 g/ml CaCl 2 ). Growth curves (24 h) of the strains in tryptic soy broth (TSB) revealed that the more Dap r passage strains (CB2203 and CB2205) grew modestly slower than the parental strain (data not shown). However, all six strains reached equivalent counts at 24 h (ϳ5 ϫ 10 9 CFU/ml). Population analysis. The population analysis of a selected strain pair (the parent strain CB1118 and the 20-day Dap r passage mutant CB2205) was carried out with DAP, oxacillin, and vancomycin by following a standard agar dilution protocol as previously described (28) . DAP population analyses were performed on calcium-supplemented (50 g/ml) MHA plates. CAP susceptibilities. Our prior studies showed that Dap r clinical strains exhibited cross-reductions in susceptibility to prototypical mammalian host defense CAPs of white blood cell (hNP-1) or platelet (tPMP-1) origin (12) . To examine this phenomenon in the current laboratory-derived Dap r strain set, we carried out in vitro susceptibility assays with the same two CAPs. Standard MICs for such CAPs are not routinely performed, since conventional nutrient medium tends to mitigate the activity of these peptides; thus, bactericidal assays were carried out (47) . For tPMP-1, a range of 0.5 to 2 g/ml was used. For hNP-1, a concentration of 20 g/ml was used. tPMP-1 was prepared as previously described (46); hNP-1 was purchased from Peptide International (Louisville, KY). Briefly, log-phase S. aureus cells were diluted into the test CAP solutions to achieve the desired final inoculum (10 3 and 10 5 CFU/ml for tPMP-1 and hNP-1, respectively) (44, 45) and then incubated at 37°C. At 120 min of exposure, samples were removed and processed for quantitative culture to assess the extent of killing by each CAP. Final data were expressed as the means Ϯ standard deviations (SD) of surviving log 10 CFU/milliliter. CM fluidity. Fluidity measurements were carried out using the fluorescent probe 1,6-diphenyl-1,3,5-hexatriene (DPH). The protocol for DPH incorporation into target CMs, the measurement of fluorescence polarization, and the calculation of the degree of fluorescence polarization (polarization index [PI]) are described in detail elsewhere (a Biotek Model SFM 25 spectrofluorimeter was used; excitation and emission wavelengths were 360 and 426 nm, respectively, for DPH) (2). An inverse relationship exists between PI values and CM fluidity (i.e., a lower PI equates to a greater extent of CM fluidity) (2) . These assays were performed a minimum of 10 times for each strain on separate days.
CM fatty acid composition. Fatty acids of total lipids extracted from S. aureus CMs were analyzed using gas-liquid chromatography after conversion to their methyl ester form as previously described in detail (courtesy of Microbial ID Inc., Newark, DE) (2) .
Cell surface charge. Poly-L-lysine (PLL) is a polycationic molecule that is used to study the interactions of CAPs with charged CM bilayers (10, 16) . A fluorescein isothiocyanate-labeled PLL binding assay was performed using flow cytometric methods as previously described (using a FACSCalibur; Beckman Instruments, Alameda, CA) (29) . Data were expressed as mean fluorescent units (ϮSD). The lower the amount of residual cell-associated label, the greater the PLL repulsion and the more positively charged the S. aureus cell envelope (29) . At least three independent runs were performed on separate days. CW thickness. CW thickness was determined by transmission electron microscopy (EM). Cells were prepared for EM by previously published techniques (21) . One hundred CW thickness measurements were taken from a minimum of 50 bacterial cells for each strain at a magnification of 190,000ϫ (model 100CX; JEOL, Tokyo, Japan) using digital image capture and morphometric measurement (v54; Advanced Microscopy Techniques, Danvers, MA). The bacterial cells examined each were in a different field, were intact, were in full cross-section without a sectioning artifact, and were nondividing. CWs were measured from the outer aspect of the CM to the outer aspect of the CW. Mean (ϮSD) CW thickness then was determined for each strain.
Isolation of RNA. For RNA isolation, fresh overnight cultures of S. aureus strains were used to inoculate TSB to an optical density at 600 nm of 0.1. Cells were harvested during exponential growth (2 h), early stationary phase (6 h), and late stationary phase (12 h). Total RNA was isolated from the cell pellets by using the RNeasy kit (Qiagen, Valencia, CA) and the FASTPREP FP120 instrument (BIO 101, Vista, CA) according to the manufacturers' recommended protocols.
Northern blot analysis. Northern blot analyses were performed as described previously, with minor modifications (35) . Digoxigenin-labeled DNA probes were synthesized using a PCR-based digoxigenin probe synthesis kit (Roche) using primers mprF-F (5Ј-GTAGTAATCACATTGTATCGGGAGT-3Ј), mprF-R (5Ј-GATGCATCGAAAACATGGAATAC-3Ј), dlt-F (5Ј-ATATGATT GTTGGGATGATTGGTGCCA-3Ј), and dlt-R (5Ј-ACATATGGTCCAACTG AAGCTACG-3Ј) to synthesize mprF-and dlt-specific probes, respectively.
CM PL content and PL asymmetry measurements. PLs were extracted from S. aureus by standard methods (7, 29) . The three major S. aureus PLs, phosphatidylglycerol (PG; negatively charged), cardiolipin (CL; negatively charged), and LPG (positively charged), were separated by two-dimensional thin-layer chromatography using Silica 60 F254 HPTLC plates (Merck). First-dimension chloroform-methanol-25% ammonium hydroxide (65:25:6, by volume) in the vertical orientation and second-dimension chloroform:water:methanol:glacial acetic acid:acetone (45:4:8:9:16, by volume) in the horizontal orientation were used for the separation of the PLs for further quantitation by phosphate estimation (29) . For quantitative analysis, isolated PLs were digested at 180°C for 3 h with 0.3 ml 70% perchloric acid and quantified spectrophotometrically at an optical density at 600 nm as previously described (29) . At least three independent runs were performed on separate days.
Fluorescamine, which specifically labels only surface-exposed amino-PLs (i.e., outer CM leaflet), was used to assess the CM LPG distribution in the outer and inner CM bilayers. The protocols of labeling and the quantitative estimation of PL asymmetry by UV detection, ninhydrin spraying, and chemical analysis were strictly followed as previously described (12, 29) .
Statistical analysis. Data were analyzed by the two-tailed student's t test, with P Ͻ 0.05 representing a significant difference.
RESULTS

MIC.
The Etest MICs are listed in Table 1 . As previously described (9), the DAP MICs progressively increased during the 20-day serial exposure period, from a MIC of 1 to 32. The vancomycin MICs increased by one doubling dilution with sublethal DAP passage from a MIC of 2 to 4 g/ml during this same time period. The oxacillin MIC for the parental strain was 24 g/ml but was 1.5 g/ml for the 20-day passage isolate, exhibiting the see-saw reciprocal phenomenon previously described for vancomycin-intermediate S. aureus (VISA) strains for vancomycin and oxacillin (37, 38) .
Population analysis. As expected, the DAP population curve was shifted to the right in the 20-day mutant (CB2205) compared to that of the parental strain (CB1118) (data not shown). This shift corresponds to an increase in the DAP MIC and reduced oxacillin susceptibility in this population of organisms. In contrast, the oxacillin population curve was shifted to the left for the mutant (i.e., more oxacillin susceptible), paralleling the MIC data described above and confirming a modest reciprocal effect on oxacillin susceptibility (data not shown). Moreover, the vancomycin population curve of the baseline organism already had a subpopulation of VISA isolates, and these also shifted to the right for the Dap r mutant, which is compatible with its increase in vancomycin MICs into the hetero-VISA range (Fig. 1) .
CAP susceptibilities. The Dap r mutant (CB2205) showed cross-reductions in susceptibilities to the two prototypical mammalian CAPs. For tPMP-1, the parental strain viability was reduced to below the level of detection during the 2-h exposure to concentrations of 0.5 to 2 g/ml; in contrast, the Dap r mutant exhibited the survival profile (mean percent survival Ϯ SD) at 0.5, 1, and 2 g/ml tPMP-1, and similarly for hNP-1, the mean percent survival (ϮSD) after 2 h of exposure to 20 g/ml peptide of the parental and Dap r strain 2205 is shown in Table 2 .
CM fluidity. There was a modest, although detectable, decrease of relative CM fluidity (an increasing PI means increasing membrane rigidity) as passage strains (CB2201, CB2202, CB2203, and CB2205) became more Dap r than the parental strain, CB1118. The PIs from 10 independent measurements were 0.3219 Ϯ 0.0339, 0.3281 Ϯ 0.0421, 0.3267 Ϯ 0.0374, 0.3288 Ϯ 0.0272, and 0.3302 Ϯ 0.0401 for the parental strain and four progressively more Dap r strains, respectively. As controls for these studies, we included an isogenic strain set, ISP479C (0.3312 Ϯ 0.0122) and ISP479R (0.3119 Ϯ 0.0194), which are known to be less and more fluid, respectively (2) .
Cell surface charge. The relative surface charge values of all strains are represented in Fig. 2 . As controls for these studies, we used an SA113 strain that is known to exhibit a relatively high surface positive charge compared to that of its isogenic ⌬dlt knockout variant (32) . Unexpectedly, the PLL binding was observed to be higher in the Dap r strains than in the parental strain. Thus, there was an inverse relationship between DAP resistance and surface charge.
CM fatty acid composition. Fatty acid data for the parental strain and the most Dap r strain (i.e., CB2205) showed a similar pattern in terms of iso and ante-iso (branched chain) fatty acids, unsaturation indices, and acyl chain length profiles (data not shown).
CW thickness. As shown in Fig. 3 , the Dap r strain has significantly thicker CWs (31.3 Ϯ 2.7 nm) than the parental strain (20.4 Ϯ 2.7 nm; P Ͻ 0.05).
Expression of genes that affect surface charge (mprF and dlt operon). It has been shown that the S. aureus mprF and dlt operon encode proteins that enhance the net positive charge of the cell surface envelope by lysinylating CM PG and alanylating CW teichoic acids, respectively (31, 32, 33, 41) . It also has been hypothesized that MprF is responsible for translocating LPG to the outer CM bilayer (23) . To determine the transcriptional profiles of these two genes, Northern blot analyses were performed on RNA samples isolated from cultures of CB1118, CB2201, CB2202, CB2203, and CB2205 grown in TSB. As shown in Fig. 4A , mprF expression was detected in all five strains during early exponential and stationary growth phases (2 and 12 h). Importantly, the increased levels of mprF transcripts were detected in Dap r strains (CB2202, CB2203, and CB2205) during early exponential growth (2 h). Additionally, mprF expression was increased in all four passage strains compared to levels for the parental strain in stationary phase. Similarly to mprF expression, the transcription of the dlt operon was increased in the three Dap r strains during early exponential growth (Fig. 4B) .
CM PL content and asymmetry measurements. Two-dimensional thin-layer chromatography and LPG-fluorescamine labeling revealed that the total amounts of the positively charged LPG (outer and inner layers) in the CM were higher in the Dap r strains than in the parental strain. Moreover, there was a progressive upward trend in the proportion of total and outer CM leaflet LPG in the strain set during the in vitro selection of Dap r strains. The proportions of the other PLs (i.e., PG and CL) were similar among the strains, although as the proportion of LPG increased in the more Dap r strains, the proportion of PG declined concordantly. Small amounts of CL were detected in these experiments. These data are shown in Table 3 . (9, 12, 15) suggest the need for the detailed analysis of the mechanism(s) of resistance of such organisms (12) . In the current study, we utilized a well-characterized isogenic MRSA strain set selected for DAP resistance by serial in vitro passage (9) to compare their phenotypic profiles to data we recently published related to a clinically derived S. aureus isogenic strain set (12) . Since the putative mechanism of action of DAP has focused on CM targeting (12), we characterized a number of key CM properties in this study. As detailed below, the cadre of cell surface and CM perturbations found in the present laboratory-derived strain set were strikingly disparate from those previously documented for Dap r strains isolated from recalcitrant clinical infections (12) .
Several reports have demonstrated a correlation between decreased oxacillin resistance and a concomitant increase in resistance to vancomycin into the VISA range (the so-called see-saw effect) (37, 38) . The mechanism(s) involved in this phenomenon appear to be multifactorial. For example, some studies have implicated the deletion of mecA or mecA mutations in the presence of vancomycin exposures in the see-saw effect (1, 34, 38) . These investigations have suggested an incompatibility between the simultaneous expression of highlevel vancomycin resistance and high-level methicillin resistance in MRSA. PBP2a, a mecA-encoded protein, is not capable of cross-linking peptidoglycan-containing stem peptide modified by van resistance genes (8, 36) . Interestingly, we found a similar reciprocal effect, involving increasing DAP resistance and the evolution of the VISA phenotype on the one hand and decreasing oxacillin resistance on the other hand. In contrast, Camargo et al. (4) recently observed that laboratoryderived Dap r strains had increased resistance to vancomycin and increased resistance to oxacillin, suggesting strain-specific and/or independent mechanisms of resistance to these agents as related to the induction of the reciprocal phenomenon. For example, relevantly to our current findings, Komatsuzawa et al. (19) described an association between mutations in the mprF (fmtC) gene and oxacillin resistance in vitro. Thus, it seems reasonable to speculate that the gain-in-function mprF SNP as we demonstrated secondarily influences the full expression of the mecA-mediated oxacillin resistance phenotype. Taking these results together, the relationship of increasing DAP and vancomycin resistance coincident with decreasing oxacillin resistance in vitro has the following features: (i) relative strain specificity, (ii) a nonrequirement for the presence of DAP (in contrast to vancomycin-oxacillin interactions) (1), and (iii) a mutation in mprF as seen in our Dap r strains could well influence the expression of oxacillin resistance.
One prominent correlate of resistance to the CM-targeting . Thus, intact CMs or artificial membrane vesicles or bilayers, which are either very fluid or very rigid, tend to be resistant to CAP-induced permeabilization (45) . This has led to the notion that for each specific CAP-CM interaction, there is an optimum relative CM order at which individual CAPs exert maximal activity. For example, we previously showed that the CMs of S. aureus strains exhibiting in vitro resistance to the platelet CAP tPMP-1 demonstrated significantly more fluid CMs than tPMP-1-susceptible strains (29) . Alternatively, rendering such strains as CW-free protoplasts by enzymatic (lysostaphin) CW degradation induced a shift in the CM order toward very rigid CMs, which also was associated with tPMP-1 resistance (45). In our prior investigation of clinically derived Dap r strains (12) , such organisms tended to have more fluid CMs than the original parental isolate (12) . In contrast, in the current study, as in vitro-passaged organisms acquired increasingly Dap r phenotypes, their CMs became more rigid. This observation raises a number of possibilities: (i) alterations in CM fluidity are a nonspecific response mechanism in S. aureus to many different CAP exposures and are not precisely linked to the CAP-R phenotype; (ii) different CAPs have distinct structure-function relationships that could dictate the nature and scope of CM fluidity shifts associated with peptide resistances; and (iii) in vitro-derived Dap r strains are exposed only to a single CAP, while clinically derived Dap r strains have been exposed to any number of innate host defense molecules during disseminated endovascular infections (including CAPs such as those from platelets and polymorphonuclear leukocytes) (12, 25) . This concept is supported by our recent documentation of cross-resistance in clinical Dap r strains to both tPMP-1 and hNP-1 (a prototypic polymorphonuclear leukocyte CAP) (12) . It is of interest that despite the lack of exposure to host defense CAPs, the Dap r laboratory strain in this study did show reduced killing by the two prototypical CAPs described above. This result suggested that CM perturbations induced by in vitro passage in DAP evoke a generalizable adaptation to unrelated CAPs. The exact mechanism of altered CM fluidity in Dap r strains is not well understood, but it does not appear to be linked to shifts in fatty acid unsaturation indices or branched chain species (18) .
Another notable feature of clinical Dap r strains characterized in our prior investigations was an increased positive surface charge compared to those of their isogenic parenteral strains (12) . Since the mprF and dlt operons are intimately involved in maintaining positive surface charge in S. aureus, it follows that mutations in these loci could substantially impact the net surface charge. In our studies of Dap r clinical strains, we found an association between mprF point mutations and a gain-in-function phenotype (12) . This was manifested by the increased translocation of the positively charged PL species LPG to the outer CM leaflet. Gain-in-function MprF alleles in Dap r clinical strains also have been seen in other studies (9, 11, 22, 24, 41) . This underscored the potential for the chargemediated surface repulsion of DAP as one explanation for the Dap r phenotype. In this context, the present investigation confirmed a gain-in-function MprF allele (associated with both increased synthesis and the translocation of LPG in more progressively Dap r strains) as well as enhanced dlt operon expression during serial DAP passage. Whether these enhanced mprF and dlt operon expression profiles are directly related to SNPs or involve other regulatory loci such as aps/graRS is not known (6, 42) . Interestingly, in the present study, notwithstanding the increased expression profiles of dlt and mprF and phenotypic gains in function, the net surface charge paradoxically became less positive during in vitro Dap r selection. This suggested the intriguing concept that other surface factors significantly contribute to the net envelope charge. The principal candidate in this regard would be the extent of CW glutamate amidation, which previously has been linked to glycopeptide resistance in MRSA VISA strains (22) . The observation of thickened CWs among the Dap r isolates in this investigation supports such a paradigm. Thus, taken together, the enhanced negative surface charge in the in vitro-selected Dap r strains could conceivably facilitate rapid early DAP surface binding, while the specific upregulation of mprF function and/or the increased CM rigidity in these strains subsequently could elicit a CM-specific DAP repulsion. Such a sequence of events then would collectively read out as reduced DAP binding.
It is important to point out that increased CW thickness has been associated with both the Dap r and VISA phenotype in two studies (4, 5) . Although postulated to be an affinity-trapping mechanism for Dap, as documented for vancomycin in VISA isolates (5) , this mechanism has not been confirmed to date. Moreover, as for VISA strains, the thickened CW phenotype also may be related to altered CW synthesis or perturbed autolytic pathways (5) . Further, it also is possible that the CW thickening is merely a nonspecific secondary adaptive response to a primary alteration in CM fluidity or function (5, 15) . Of note, we demonstrated thickened CWs in our Dap r mutant in association with the VISA phenotype by both MIC testing and population analysis, despite the organism never being exposed to vancomycin. This same phenomenon was and VISA phenotypes may well share common genotypic and/or metabolic mechanisms in some strain backgrounds; this issue is being actively investigated. Current studies are examining the CW muropeptide, O-acetylation, and amidation profiles of this strain set to provide more clarity into our findings (13) .
Finally, since DAP appears to be a CM-targeting agent, the bioenergetic state of the CM may well impact DAP susceptibility (3, 20 (12) .
In summary, the mechanism(s) and pathways underlying the in vitro-selected Dap r phenotype in MW2 (USA400) appear to be both multifactorial and distinct from those seen in clinically derived strains. Whether the progressive accumulation of SNPs in genes such as mprF, yycFG, rpoB, and rpoC, which potentially are associated with gains in function, drive the Dap r phenotypes or are just surrogate secondary markers remains to be elucidated. It also will be important to determine whether the CM and CW perturbations we observed in strain MW2 (USA400) are strain specific or are definable in other pulsotypes.
